The validity of the assumption that the specific growth rate of coccoid microorganisms can be expressed as the absolute value of the derivative of frequency of dividing cells (FDC) with respect to time was tested experimentally using a Microcystis aeruginosa strain. FDC was calculated based on the assumption that elongated cells, constricted cells or both may correspond to dividing cells. The specific growth rates that were calculated from the diel changes in FDC were compared with those calculated from the change in the cell density. The results revealed that constricted cells can serve as the optimal dividing cells, and the calculated specific growth rates were statistically identical to those obtained by the change in the cell density.
Introduction
The development of cyanobacterial blooms in eutrophic freshwater systems is one of the most important water quality issues. Bloom-forming cyanobacteria generally produce neurotoxins and hepatotoxins, which can threaten public health (Sivonen 1996) . The production of toxic compounds varies with the species composition of the cyanobacteria and their growth stage (Park et al. 1998 , Jähnichen et al. 2001 . Therefore, monitoring the population dynamics of cyanobacteria together with environmental variables has been essential to the study of cyanobacterial blooms. Many studies have suggested that the high population densities of toxic cyanobacteria, such as Microcystis and Anabaena, are supported mainly by growth, rather than by the recruitment of benthic populations (Barbiero & Welch 1992 , Brunberg & Blomqvist 2003 , Karlsson-Elfgren & Brunberg 2004 . Accordingly, evaluation of the in situ growth performance of cyanobacteria is of particular importance in ecophysiological studies of bloom-forming cyanobacteria. Since periodic monitoring at a fixed site involves unavoidable difficulties in the collection of water samples (Tsujimura 2003 , Yamamoto & Tsukada 2009 , an increase in population density cannot be regarded as a direct result of cell growth. Therefore, other approaches must be adopted to evaluate the in situ growth of cyanobacteria.
The frequency of dividing cells (FDC) technique (McDuff & Chisholm 1982) and the cell cycle method (Carpenter & Chang 1988)-a derivative of the FDC techniqueare alternative methods for estimating the in situ growth rate of microorganisms in the absence of information on the population density. These methods are powerful tools for improving understandings of the in situ growth performance of microorganisms. However, the validity of the calculations of specific growth rates by these methods has not yet been fully discussed. Hence, they should be applied to field experiments with caution (Tsujimura 2003 , Burbage & Binder 2007 .
Recently, Yamamoto & Tsukada (2009) proposed the new idea that specific growth rate (m ) is given by an absolute value of the derivative of FDC ( f ) with respect to time (t), as follows: (1) where N is the population of a given species. Practically, the specific growth rate can be calculated from FDC using the following equation (2) where f i is the FDC in the ith samplings at time t i and n is the number of samples that were collected in a given period (usually 24 h). The specific growth rates of Microcystis 
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Model
Consider an ideal situation in which the population growth of a given microorganism is determined only by its cell division. In that case, the relationship between population and FDC is assumed to be described by Eq. (1), as suggested by Yamamoto & Tsukada (2009) , and the recurrence equation of df/dlnNϭϮ1 is given as follows: (3) where N i and f i can be viewed as the population and FDC of the microorganism at the ith sampling, respectively. The sum of the left-hand side of Eq. (3) from i equals 1 to n-1 is given as the natural logarithm of the ratio of N n to N 1 . Accordingly, the specific growth rate can be expressed by the following two equations: (4) ( 5) where t 1 and t n denote times when the populations are N 1 and N n , respectively.
Experiment
The axenic unicellular Microcystis aeruginosa (Kützing) strain NIES-1355 was supplied by the Microbial Culture Collection, the National Institute for Environmental Studies (Tsukuba, Japan). The standard conditions for the maintenance of this strain were 24°C and 100 m mol photons m Ϫ2 s Ϫ1 on a 12 h : 12 h light-dark cycle. C medium (Watanabe & Ichimura 1977) was used with the following modifications: the sole sources of nitrogen, phosphorus, calcium and potassium were NaNO 3 (2260 m mol L ), respectively, and the pH was adjusted to 7.6 with N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES). The same culture conditions were applied in the experiment.
Microcystis aeruginosa was precultured in a 1-L bottle with continuous stirring (100 rpm) and a stream of filtered air (0.22 m m pore filter, 720 mL min Ϫ1 ) for 7 days. A 3-mL aliquot of the culture solution was added to a culture bottle containing 1400 mL of modified C medium, and incubated under the standard conditions with continuous stirring and a stream of filtered air as described above. The incubation was performed in triplicate. Hereafter, the three bottles will be referred to as bottles A, B and C.
A 0.99 mL water sample was taken every two hours for 24 hours (i.e., nϭ13) on days 7, 10 and 13, and collected in a test tube containing 0.01 mL of Lugol's iodine solution. Over 400 cells in each sample were observed through an inverted microscope (Axio Observer A1, Carl Zeiss, Göttin-gen, Germany) at a magnification of 200ϫ after the fixed sample was bathed in an ultrasonic cleaner (Power Sonic 410, Hwashin technology, Seoul, Korea) at a frequency of 40 kHz for 10 s. Preliminary flow cytometry analysis revealed that the sonication performed in this study did not destroy the M. aeruginosa cells (data not shown). Moreover, the sonication collapses gas vacuoles in the cells, subsequently facilitating the sedimentation of cells on a slide and the classification of cells based on their shapes, i.e. spherical, elongated, constricted and paired cells (Fig. 1) . Note that the term 'constricted cells' corresponds to 'dividing cells' of Tsujimura's illustration (Fig. 2 in Tsujimura  2003) ; however, since our purpose is to determine the optimal 'dividing cells' to calculate the specific growth rate of the cyanobacterium, we used this term for convenience. FDC was calculated as D/(SϩEϩCϩ2P), where S, E, C and P are the numbers of spherical cells, elongated cells, constricted cells and paired cells, respectively, and D is the number of cells that are assumed to correspond to dividing cells. The FDC values were calculated by substituting E, C and EϩC for D. Microcystis aeruginosa cell densities at 0:00 h and 24 hours thereafter were measured through the inverted microscope at a magnification of 200ϫ. Duplicate measurements were averaged to determine the cell density.
Statistical analyses
The specific growth rate of M. aeruginosa was calculated from Eqs. 
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The cell densities of Microcystis aeruginosa steadily increased throughout the 14-day incubation period (Fig. 2) . The cell densities reached 2.8-3.5ϫ10 6 cells mL Ϫ1 on day 14. The specific growth rates that were calculated from the change in the cell density fell with time in bottles A and B, whereas the value on day 10 exceeded that on day 7 in bottle C (Table 1) . In all bottles, the specific growth rates were least on day 13, ranging from 0.220 to 0.385 d
Ϫ1
. FDC values varied greatly depending on the definition of dividing cells. The proportion of elongated cells was usually lower than that of constricted cells, and fluctuated within narrower ranges than the latter. The range of FDC tended to decrease with time; for example, the ranges of the difference between the minimum and maximum FDC values when constricted cells were regarded as dividing cells were 0.231-0.339 on day 7, 0.123-0.148 on day 10 and 0.0590-0.0958 on day 13. Clear peaks of FDC were observed during the light period on day 7 when constricted cells and the sum of elongated cells and constricted cells were regarded as dividing cells.
The relationships of calculated specific growth rates using the two equations are shown in Fig. 3 . Significant positive correlations were observed when the constricted cells (Pearson's product moment correlation coefficient, r 2 ϭ0.868, nϭ9, pϽ0.001) and the sum of elongated and constricted cells (r 2 ϭ0.903, nϭ9, pϽ0.001) were regarded as dividing cells, whereas no significant correlation was ob- served when elongated cells were regarded as dividing cells (r 2 ϭ0.0024, nϭ9, pϾ0.1). No significant difference was found between the specific growth rates calculated from Eq. (5) on the assumption that constricted cells correspond to dividing cells and those calculated from Eq. (4) (paired ttest, nϭ9, pϾ0.1). However, the assumption that the sum of elongated cells and constricted cells corresponds to dividing cells yielded significantly higher specific growth rates than those calculated from Eq. (4) (nϭ9, pϽ0.001).
Since Microcystis is a representative bloom-forming genus found worldwide, establishing a standard method for calculating the in situ specific growth rate is important toward a comprehensive understanding of the ecophysiology of this genus. In recent years, FDC has been used to evaluate growth performance of Microcystis (Tsujimura 2003 , Latour et al. 2004 , Yamamoto 2009 , Yamamoto & Tsukada 2009 ). This study, together with our earlier study (Yamamoto & Tsukada 2009 ) provides a theoretical and experimental basis for the adequate use of FDC to calculate the specific growth rates of Microcystis; the relationship expressed by Eq. (1) is satisfied if constricted cells are regarded as dividing cells, as has been practiced in previous studies (Tsujimura 2003 , Yamamoto & Tsukada 2009 ). Accordingly, Eqs. (2) and (5) enable reliable specific growth rates to be calculated using data on temporal changes in the FDC. In addition to FDC data, Eq. (2) requires information on the times of each sampling, and it coincides with Eq. (5) when samples are collected at a constant time interval. In contrast, the times of each sampling, except for those of the initial and final samplings, are unnecessary for using Eq. (5), which only requires small differences between adjacent FDC values. Another form of the recurrence equation of df/dlnNϭϮ1 is given as ln(N iϩ1 /N i )ϭln(1ϩ|f iϩ1 Ϫf i |), and this can be approximated as Eq. (3) when |f iϩ1 Ϫf i | is well below 1. As a practical matter, |f iϩ1 Ϫf i |Ͻ0.1 seems to be sufficient, since the difference between 0.1 and ln1.1 is less than 5%. In the present study, there were 4 cases of the 36 values of |f iϩ1 Ϫf i | calculated on the assumption that constricted cells correspond to dividing cells that exceeded 0.1 (0.110-0.156) on day 7, 1 case (0.101) on day 10 and no cases on day 13. Considering the fact that the experiment was performed from middle to late exponential phase of M. aeruginosa growth, 2 hours seems to be acceptable or slightly long as a sampling interval in the middle exponential growth phase. The natural populations of Microcystis also exhibit large fluctuations of FDC, especially during the summer months (Yamamoto & Tsukada 2009 ). Therefore, when this model is applied to a field survey, high-frequency sampling (i.e., at least every 2 hours) is desired, especially in the daytime, during the growing season of the population.
The patterns of FDC change tended to vary among the three bottles despite their incubation under the same conditions, which appears to be at least partially owing to the slight differences in the distance between the bottles and the light source. Further investigations should elucidate how environmental factors, such as irradiance and temperature, affect the cell division of Microcystis species. 
